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not detected. The obstructed kidneys displayed increased ex-Renal cell apoptosis in chronic obstructive uropathy: The roles
pression of all tested caspases. Caspases 1, 11, and 12 mRNAsof caspases.
were detected in obstructed kidneys in a common pattern char-Background. Apoptosis of tubular and interstitial cells is
acterized by a sharp increase at day 4, followed by a decreasewell documented in kidneys with chronic obstructive uropathy
until day 20, and a subsequent sharp increase until the end of(COU) and probably plays an important role in the pathogene-
the study at day 30. A similar pattern was noted for othersis of this condition. The molecular control of apoptosis in COU
caspases (2, 3, 6, 7, 8, and 9), which maximally reached twofoldremains poorly understood. Apoptosis in general is known to
to fourfold that of controls. Immunostaining for caspases 1, 2,proceed initially along distinct pathways, which later converge
3, 6, 7, 8, and 9 showed the same pattern characterized byinto a common arm characterized by orderly activation of cas-
pases. Caspases are cytosolic enzymes that belong to a 12- focal and weak expression in proximal tubules of control or
member family and serve as effector molecules for apoptosis. contralateral kidney, contrasting with increased staining in
The role of individual caspases in mediating renal cell apoptosis atrophic or dilated tubules of obstructed kidneys. Interstitial
in kidneys with COU is studied. cells also displayed staining for several caspases, which paral-
Methods. Kidneys were harvested from sham-operated mice leled the increasing density of interstitial cells toward the end
and mice with COU created by left ureter ligation at days 4, of the experiment. Caspase-3 assay showed a marked increased
7, 15, 20, and 30. The following studies were performed: (1) activity in obstructed kidneys that reached fourfold and sev-
determination of dried kidney weight; (2) in situ end labeling enfold of control at days 4 and 30, respectively. The rise and
of fragmented DNA to detect apoptotic tubular and interstitial fall of caspase mRNAs between days 4 and 30 paralleled a
cells; (3) ribonuclease protection assay with specific anti-sense similar fluctuation in tubular cell apoptosis. The subsequent
RNA probes for caspases 1, 2, 3, 6, 7, 8, 9, 11, and 12 to detect increase of mRNAs was correlated with a continuous rise of
the expression of individual caspases; (4) immunostaining for interstitial cell apoptosis.
caspases; and (5) assay for caspase 3. To assess the role of caspases Conclusions. Urinary obstruction in mice induces apoptosis
in COU-associated renal cell apoptosis, the frequencies of apo- of both tubular and interstitial cells in the affected kidney in
ptotic tubular and interstitial cells were separately quantitated a distinctive pattern that parallels an increased expression of
for each experimental time point, and their patterns of variation caspases. This correlation suggests that these caspases mediate
were correlated with those of individual caspases. COU-associated renal cell apoptosis. Among the evaluated
Results. The obstructed kidneys showed progressive tissue caspases, increased renal caspase 3 activity implies its central
loss (60% of control at day 15). Apoptosis of both tubular and role in renal cell apoptosis associated with urinary obstruction.
interstitial cells was seen in obstructed kidneys. Tubular cell
apoptosis peaked at four days after ureter ligation (13-fold of
control), remained high between days 4 to 15, and thereafter
decreased rapidly. Apoptotic interstitial cells were scanty ini- Urinary obstruction results in a constellation of renal
tially, but gradually increased throughout the entire experi- parenchymal changes collectively called chronic obstruc-
ment. Apoptosis was minimal throughout the experiment in tive uropathy (COU). These changes characteristicallycontrol and contralateral kidneys. In control and contralateral
include tubular atrophy, interstitial fibrosis, interstitialkidneys, caspases 2, 3, 6, 7, 8, and 9 mRNAs were expressed
inflammation, and renal tissue loss, whereas glomeruliat low levels, whereas those for caspases 1, 11, and 12 were
or blood vessels show no significant injury [1–4]. More
recently, it has been demonstrated that urinary obstruc-
Key words: tubular cell apoptosis, interstitial cell apoptosis, cell death,
tion faithfully induces progressive apoptosis of both renalfibrosis, kidney injury, urinary obstruction, cysteinyl aspartate-specific
proteinase. tubular and interstitial cells. This process may be patho-
genetically important since tubular cell apoptosis is knownReceived for publication October 4, 2000
as a major factor responsible for the progressive renaland in revised form March 14, 2001
Accepted for publication March 16, 2001 tissue loss in kidneys with COU and interstitial cell apo-
ptosis is probably relevant to the renal interstitial injury 2001 by the International Society of Nephrology
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in this condition [5]. Understanding the molecular con- evaluate the relevance of individual caspases in this pro-
cess. For this purpose, tubular and interstitial cell apo-trol of renal cell apoptosis in COU should not only help
elucidate its pathogenesis, but also might be pertinent ptosis was quantitated in mouse kidneys with COU in-
duced by unilateral ureter ligation, and the findings wereto the pathogenesis of chronic renal tubulointerstitial
injury in general [6, 7]. correlated with the renal expression of caspases.
Although the molecular control of apoptosis is only
partially known and may show subtle tissue-specific varia-
METHODS
tions, a general common theme is well accepted. Accord-
Experimental designingly, a large variety of apoptosis inducers, classified into
two broad categories, that is, extracellular environmental Under inhalation anesthesia with methoxyflurane,
C57B16 male mice (Harlan Animal Farm, Houston, TX,stimulation and cell or organelle membrane changes, can
initiate apoptotic signals. These signals are transduced USA) weighing 25 to 35 grams were subjected to com-
plete ligation of the left ureter at the ureteropelvic junc-through cytosol by an ever-increasing number of media-
tor molecules that belong to distinct families, each of tion using double silk suture. Animals were subsequently
placed on a regular diet and sacrificed at days 4, 7, 15,which mediates a specific apoptotic pathway [8, 9]. These
pathways, however, converge into a common arm charac- 20, and 30. These time points were chosen because a pilot
study showed these mice to span the entire quantitativeterized by an orderly activation of caspases, which serve
as effector molecules for apoptosis [10–14]. Caspases spectrum of tubular and interstitial cell apoptosis. Three
to six mice were used for each time point. For the con-(cysteinyl aspartate-specific proteinase) are cytosolic en-
zymes that belong to a family with 14 members (caspases trols, a group of six mice were sham operated and sacri-
ficed at day 0.1 through 14), 12 of which are found in mammals [13].
These enzymes share common structural motifs and a
Dried kidney weightpredilection to cleave their substrates after an aspartate
residue. Caspases exist in latent forms (procaspases) and Dried kidney weight, which is used as an indicator of
renal tissue loss, was determined as follows. Each kidneyrequire activation, which occurs in an orderly “cascade”
manner to become functional. Three general classes of was weighed immediately after harvesting. The ratio of
dried:wet kidney weight for each kidney was derived bycaspases are recognized, that is, the initiators, the execu-
tioners, and the cytokine processors. The initiators (cas- weighing a representative coronal section of that kidney
at the time of harvesting and after thorough desiccation.pases 2, 8, 9, and 10), situated at the upstream of the
caspase cascade, can be individually activated by many The whole kidney dried weight, calculated from this ratio
and the whole kidney wet weight, was expressed as theapoptotic sensors of different death pathways and, once
activated, can initiate the caspase cascade by activating percentage of body weight determined at the time of
sacrifice.the downstream executioners (caspases 3, 6, and 7).
These executioner caspases can cleave numerous cellular
Tissue preparationsubstrates, including structural proteins and cellular en-
zymes needed for cellular homeostasis, leading to the Portions of the control, ligated, and contralateral kid-
neys were fixed in 10% buffered formalin or frozen instructural changes of apoptosis [10–14]. Less is known
about the function of the cytokine processors (caspases embedding media (OCT compound; Sakura Finetek,
Torrance, CA, USA) and cut in 4 micron sections for1, 4, 5, 11, and 12); they may promote not only apoptosis
but cytokine functions as well [12]. routine histology and in situ end labeling of fragmented
DNA or frozen-section immunohistochemistry. The re-The role of caspases as the mediators of renal tubuloin-
terstitial cell injury has been explored only recently, and maining kidney tissues from animals of the same experi-
mental duration were pooled together and snap frozen inmost pertinent data are still preliminary and are derived
from cell cultures. Increased expression of some caspases liquid nitrogen at70C for subsequent RNA extraction.
was noted in apoptotic renal tubular cells induced by
Detection and quantitation of tubular and interstitialcis-platinum [15–18], staurosporine (a protein kinase C
cell apoptosis by in situ end labeling ofinhibitor) [15], cyclosporine A [19, 20], hypoxia [21, 22],
fragmented DNAshuman immunodeficiency virus [23], ischemia/reperfusion
[24], cytoplasmic injection of cytochrome C [25, 26], reac- For the detection of renal cell apoptosis, in situ end
labeling of fragmented DNA was performed as pre-tive oxygen species [27], and loss of contact with extracel-
lular matrix [28]. Caspases also were implicated in inter- viously detailed [3, 30]. In situ end labeling of fragmented
DNA can detect both apoptotic and necrotic cells. There-stitial cell apoptosis in polycystic mouse kidneys [29].
Recognizing the central role of caspases in apoptosis fore, light microscopic criteria for identifying apoptotic
cells, that is, individual cells with hyperchromatic nuclearand a lack of knowledge about the molecular control of
apoptosis in obstructed kidneys, we have attempted to fragments and condensed but preserved cytoplasm, were
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Table 1. Antibodies against caspasesaused during the examination of the tissue sections sub-
mitted to in situ labeling. These criteria also were used Caspaseb Specificity
to confirm the presence of apoptotic cells in the routine Caspase 1 P10 subunit
Precursorlight microscopic tissue sections consecutive to those
Caspase 2 Precursorused for in situ labeling. Tubular cells undergoing apo-
Caspase 3 P11 subunit
ptosis were quantitated under a 10 objective lens of a Precursor
Caspase 6 P10 subunitNikon microscope, by counting all apoptotic tubular cells
Precursorwithin 5 to 10 random fields in either the cortex or me-
Caspase 7 Precursor
dulla. The frequency of apoptotic tubular cells was ex- Cross-reactive with caspase 3
Caspase 8 P10 subunitpressed as a percentage of the total tubular cells in the
Precursorsame fields. The frequency of interstitial cell apoptosis
Caspase 9 Precursor
also was similarly quantitated. Although both interstitial P10 subunit
Caspase 9 P10 subunitfibroblasts and interstitial inflammatory cells may un-
dergo apoptosis, it is not possible to differentiate pre- a Although mRNAs of caspases 11 and 12 were studied by ribonuclease protec-
tion assay, antibodies suitable for immunostaining for these two caspases are notcisely these two cell types when they become apoptotic;
available.
therefore, separate quantitation for them was not done. b All antibodies are polyclonal, obtained from Santa Cruz Biotechnology, and
used at 1:300 dilution, with tyramide enhancement for immunostaining.
Ribonuclease protection assay
Ribonuclease protection assay was used to detect and
quantitate caspase mRNAs in kidney tissue. In this type localization of caspases. The monospecificity of these
of assay, a cocktail of probes is used to detect the mRNAs antibodies was demonstrated by Western blotting. Two
of several preselected functionally related molecules si- antibodies were used to stain for caspase 9. One antibody
multaneously [31]. The assay was performed as follows. (p10) reacts with a fragment of the caspase 9 molecule,
For each time point, kidney tissue from three to six which encompasses the amino acids 315 to 397 and helps
animals were pooled together, and total RNA was iso-
detect both the precursor and the active subunit, and
lated from the control, ligated, and contralateral kidneys
the other antibody (p35) reacts with the 100 to 270 frag-using the RNAzol-B method (Tel-Test, Friendswood,
ment and should preferentially detect the precursor. ATX, USA). Subsequently, the ribonuclease protection
modified avidin-biotin-peroxidase technique with tyra-assay was performed using the RiboQuant RNase Pro-
mide enhancement (Dako, Carpinteria, CA, USA) wastection Assay Kit (Pharmingen, San Diego, CA, USA).
applied to snap-frozen kidney tissue sections from con-This kit contained cDNA templates for caspases 1, 2, 3,
trol, contralateral, and ligated kidneys. The controls6, 7, 8, 11, and 12 and cDNA template for ribosomal
included replacement of the primary antibodies by non-protein L32 as an internal control. A separate cDNA
immune serum or neutralization of the primary antibod-template for caspase 9, custom designed by Pharmingen,
ies with the corresponding caspase blocking peptidesalso was used for the ribonuclease protection assay. La-
(Santa Cruz Biotechnology, Santa Cruz, CA, USA).beled antisense RNA probes were synthesized from
these cDNA templates, using [-32P] UTP in an in vitro Assay of caspase 3 activity
transcription reaction, and hybridized for 16 hours at
Since caspase 3 is well-known as the principal execu-56C with 10g of total RNA extracted from the control,
tioner caspase [9, 10], it was selected for assay by aligated, and contralateral kidneys. The hybridized prod-
colorimetric assay kit (Biovision, Palo Alto, CA, USA).ucts were digested with a mixture containing ribo-
In this assay, caspase 3 cleaves the chromophore p-nitro-nuclease and proteinase K. During this procedure, the
anilide (pNA) from the labeled substrate DEVD-pNA;unhybridized RNAs and the free RNA probes were di-
the caspase 3 activity is determined by the concentrationgested, but the hybridized RNAs were protected from
of pNa measured spectrophotometrically at 400 nm. Thedigestion (ribonuclease protection assay). The hybrid-
test was performed as follows: 10 mg of kidney tissueized RNAs were heat denatured and electrophoresed on
from control, contralateral, or ligated kidneys were ho-polyacrylamide gel for two hours at 50 W and 50C. The
mogenized and left in 300 L of cell lysis buffer at 4Cgel was then dried and exposed to x-ray film at 70C.
for 15 minutes. After centrifugation at 10,000  g forThe resultant bands were scanned and quantitated using
five minutes, the supernatant, which contained cytoxolicPhotoShop and UTHSCSA software. Band intensity was
extraction, was harvested and determined for proteinnormalized to that of L32 in the same reaction.
concentration by the Lowry method. After an adjust-
Immunohistochemical staining ment to a concentration of 200 g/50 L, 50 L of the
supernatant were added to 50 L of reaction buffer andImmunostaining, using the antibodies detailed in the
Table 1, was performed to assess the expression and the 5 L of 4 mmol/L DEVD-pNA . The mixture was incu-
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Fig. 2. Dried kidney weight. Although the dried weight of the contra-
lateral kidneys increased, the dried weight of the obstructed kidneys
gradually decreased as the result of renal tissue loss. Symbols are: ()
ligated kidneys; () contralateral kidneys.
ing to approximately 60% of control (Fig. 2). The weight
of the contralateral kidneys gradually increased through-
out the experimental course.
Apoptosis
Although rare apoptotic tubular or interstitial cells
were noted in routine tissue sections, accurate identifica-
tion and quantitation of apoptotic cells were greatly facil-
itated by in situ end labeling for fragmented DNA (Fig.
3). Tubular cell apoptosis peaked four days after ureter
Fig. 1. Light microscopy. (A) A contralateral kidney at day 7 does not ligation (13-fold of control), remained high between daysshow any significant changes. (B) The corresponding obstructed kidney
4 through 15, and thereafter decreased rapidly (Fig. 4A).shows tubular atrophy, interstitial expansion, and interstitial inflamma-
tion (periodic acid-Schiff, 1200). Apoptotic interstitial cells were less numerous than apo-
ptotic tubular cells in the initial phase of the study, but
gradually increased throughout the entire experimental
bated at 37C for two hours and subjected to spectropho- period (Fig. 4B). Although it was not possible to differen-
tometric reading by a microtiter plate reader set at a tiate the interstitial fibroblasts from inflammatory cells
wavelength of 405 nm. that underwent apoptosis accurately, the latter were
probably more numerous, especially toward the end of
the experiment. Apoptotic cells were rarely seen in theRESULTS
glomeruli and virtually not present in control or contra-Pathologic findings
lateral kidneys throughout the experiment.
The obstructed kidneys developed progressive tubulo-
interstitial changes, whereas the glomeruli and blood RNase protection assay for caspase mRNA
vessels remained normal throughout the experimental
The original blot is shown in Figure 5A, and the spec-period. The tubular changes included atrophy, dilation,
trophotometric quantitation of individual caspases isand simplification of the tubular epithelium and tubular
shown in Figure 6. In control kidneys, caspases 8, 3, 6,cell apoptosis; the interstitial changes included fibrosis,
2, and 7 mRNAs were expressed at low levels, whereasinflammatory cell infiltration, fibroblast proliferation,
mRNAs for caspases 1, 11, and 12 were not detected.and apoptosis of interstitial cells. No significant changes
The expression in contralateral kidneys was similar towere noted in the control and contralateral kidneys
that of control kidneys. The obstructed kidneys displayed(Fig. 1).
increased expression of all tested caspases in a dynamic
Dried kidney weight fashion that reflected the duration of ureter ligation (Fig.
6). Caspase 1, 11, and 12 mRNAs were all detected inProgressive loss of renal tissue was observed in ob-
structed kidneys, with the renal weight at day 15 decreas- obstructed kidneys, in a common pattern characterized
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Fig. 3. Renal cell apoptosis. (A) Only a rare apoptotic tubular cell,
detected by positive in situ end labeling for fragmented DNA, is noted
in a contralateral kidney at day 7. This pattern is also observed in the
control kidney. (B) The corresponding obstructed kidney displays pro- Fig. 4. Frequency of apoptotic cells. (A) The frequency of tubular cell
nounced tubular cell apoptosis. A few apoptotic interstitial cells also are apoptosis in obstructed kidneys peaks at day 4 and decreases gradually
seen (in situ labeling with methyl green/alcian blue counterstain, 1200). to the level of contralateral kidneys. (B) The frequency of apoptotic
interstitial cells in obstructed kidneys increases gradually throughout
the experimental duration. Symbols are: () ligated kidneys; () contra-
lateral kidneys.
by a sharp increase at day 4, followed by a decrease until
day 20, and a subsequent sharp increase until the end
of the study at day 30. A similar pattern was noted for
contralateral kidneys displayed focal staining for cas-other caspases (2, 3, 6, 7, and 8), which maximally
pases 2, 3, 6, 7, and 8 in proximal tubules, but interstitialreached twofold to fourfold of control. The patterns of
cells were not stained. In the obstructed kidney, atrophiccaspase 9 mRNA expression in the control, contralateral,
or dilated tubules in both cortex and medulla showedand obstructed kidneys were similar to those of other
increased caspase staining for all caspases, with an in-caspases, except that a peak level was sustained between
creased expression being equally noted in tubular cellsdays 4 and 7 (Fig. 7).
with or without features of apoptosis. The staining was
most pronounced between days 4 and 15 but persisted to
Immunohistochemistry the end of the study. The interstitial cells also displayed
staining for caspases 3, 6, and 7, which paralleled theImmunostaining for caspases 1, 2, 3, 6, 7, and 8, using
increasing density of interstitial cells toward the end ofantibodies with specificity for both the precursors and the
the experiment. Immunostaining for caspase 9 with twoactive subunits of individual caspases, showed a similar
different antibodies (Table 1) showed that the precursorpattern for all tested caspases (Fig. 8). The staining speci-
was localized predominantly to normal proximal tubularficity was supported by a negative result when the pri-
cells. On the other hand, the atrophic tubules in ob-mary antibodies were replaced by nonimmune serum
or preabsorbed by blocking peptides. The control and structed kidneys showed only weak staining for the pre-
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ney with urinary obstruction and have been shown to
correlate with interstitial cell apoptosis [3]. These obser-
vations strongly imply a disturbance of tubular and inter-
stitial cell cycles, including an increased apoptosis of
these cells, in the pathogenesis of COU.
Understanding the molecular control of COU-associ-
ated renal cell apoptosis is not only pathogenetically
relevant, but also promises novel treatments for COU,
whereby the focus is on retarding renal injury to allow
time for restoring the urinary tract patency. Renal changes
collectively called chronic tubulointerstitial injury can
occur in practically any renal disease in advanced stages
and are well accepted as a major determinant of renal
outcome. These changes are practically identical to those
in obstructed kidneys, including progressive renal cell
apoptosis [3, 4, 6, 7]. Understanding how cells in ob-
structed kidneys develop apoptosis, therefore, may have
a broad implication. In spite of these considerations,
the molecular control of this cellular process in COU is
virtually unknown.
Studies, mostly from cell cultures, have suggested that
several environmental or cellular changes can induce apo-
ptosis along two separate major pathways, one of which
is initiated by activation of cell membrane death recep-
tors and the other by disturbances of the mitochondrialFig. 5. Ribonuclease protection assay. The ribonuclease protection
assay blot demonstrates a low level of mRNAs of caspases 8, 3, 6, 2, membrane [9, 10]. These two pathways, however, con-
and 7 in control (Cont) or contralateral (CL) kidneys at day 7. The verge into a common arm characterized by orderly acti-
obstructed kidneys at 4, 7, 15, 20, and 30 days (4L, 7L, 15L, 20L, 30L)
vation of caspases in a cascade manner [9, 10]. How thisshow increased mRNAs of caspases 8, 3, 6, 2, and 7 and neoexpression
of mRNAs of caspases 11, 12, and 1. simplified scheme of apoptosis is relevant to renal cell
apoptosis in COU is not entirely known. Several factors,
including hypoxia, ischemia, activated cytokines, growth
factors, angiotensin II, and reactive oxygen species,cursor, but more strongly expressed the active subunit
which are known to induce apoptosis in general, develop(Fig. 9). These observations suggest that caspase 9 is
during the course of COU and may initiate renal celllocated in renal tubules, becomes activated during uri-
apoptosis [3]. Families of molecules that mediate the twonary obstruction, and may play a role in tubular cell
aforementioned apoptotic pathways have been shown inapoptosis.
kidneys with COU [32, 33]. However, the role of caspases
as the mediators of the final common steps leading toCaspase 3 activity assay
apoptosis in this condition has not been evaluated.Caspase 3 activity in control and contralateral kidneys
The pattern of COU-associated renal cell apoptosiswas equally low (0.06 and 0.07; Fig. 10). This activity was
was well characterized in rats [1, 3]. Since the cDNAincreased in ligated kidneys throughout the experiment,
probes for the caspases included in the current study areand reached between sixfold and sevenfold at days 4 and
mouse specific, we have created COU in mice to see30, respectively.
whether a distinctive pattern of renal cell apoptosis de-
velops, because if that is the case, the course of apoptosis
DISCUSSION and caspase expression can be studied simultaneously
and correlated. The ribonuclease protection assay wasKidneys with urinary obstruction in both humans and
experimental animals develop progressive tubulointer- used to study caspase mRNAs. Ribonuclease protection
assay, which represents a modification of the traditionalstitial injury [1–5]. Among the different elements of this
injury, tubular cell apoptosis has recently emerged as a Northern hybridization, is an ideal method for simultane-
ous evaluation of mRNAs of several target moleculescrucial lesion that may be pathogenetically related to
other tubular changes and be responsible for the pro- [31]. This approach is made possible by a technique that
allows for the synthesis of several antisense RNA probesfound renal tissue loss seen in obstructed kidneys [1, 3].
Interstitial changes, including fibrosis, inflammatory cell of related molecules by in vitro transcription and the
simultaneous use of these probes in the hybridization.infiltrate, and vascular remodeling, also develop in kid-
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Fig. 6. Expression pattern of individual caspases. The individually illustrated blots are taken from the composite blot shown in Figure 5. The
band density is measured spectrophotometrically and plotted against the experimental duration.
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with urinary obstruction. A similar pattern of increased
staining also was noted for interstitial cells. Therefore,
the immunostaining not only corroborates the mRNA
data, but also helps define the tissue localization of cas-
pases. Apoptosis was virtually not seen in control and
contralateral kidneys, a finding that correlated with the
absence or baseline expression of caspases at both the
message and protein levels. The obtained data, taken
together, implicate the caspases evaluated in this study
as the mediators of both tubular and interstitial cell apo-
ptosis induced by urinary obstruction.
The roles of individual caspases in COU-induced renal
cell apoptosis deserve further consideration with regards
to their three main general functions: apoptotic execu-
tion, apoptotic initiation, and cytokine processing. Cas-
pases 1, 11, and 12, which belong to the interleukin-1
converting enzyme subfamily of proteases and share struc-
tural homology, were thought to function mainly as cyto-
kine processors [13, 34–37], but recent studies suggested
that these caspases also mediate apoptosis, including
Fig. 7. Ribonuclease protection assay for caspase 9. There is a low that in kidney [1, 34, 37]. Mice with either caspase 1- or
level of caspase 9 mRNA control (Cont) or contralateral (CL) kidneys
11-null mutation had normal apoptosis but failed to pro-at day 7. The obstructed kidneys at 4, 7, 15, 20, and 30 days (4L, 7L,
15L, 20L, 30L) show a pattern of caspase 9 expression similar to those duce and secrete interleukin-1 [38, 39]. In contrast, either
of other caspases. caspases 1 or 11 overexpression induced apoptosis of mu-
rine fibroblasts, which was attenuated by bcl-2 or crmA,
two well-known caspase inhibitors [34]. Rat renal tubular
cell apoptosis induced by either hypoxia or ischemia/It is more sensitive and reliable than Northern hybridiza-
reperfusion expressed high levels of caspase 1 [17, 18].tion and more quantitative than reverse transcriptase-
Mice with the caspase 12 null mutation developed nor-polymerase chain reaction analysis, since the assay in-
mally, but embryonic fibroblasts or mature renal proxi-cludes both probes for the target molecules and those
mal tubular cells from these mutant mice were resistantfor “housekeeping” genes, which simultaneously detect
to endoplasmic reticulum-mediated apoptotic signals [37].the mRNAs of these genes and those of target genes.
Our study documented a common pattern of caspase 1,The former probes serve as internal controls for quanti-
11, and 12 expression. This pattern was undetectable in
tation of the target mRNAs.
normal and contralateral kidneys, but for obstructed kid-
In mouse kidneys with urinary obstruction, we found neys there was a peak at day 4, when tubular cell apoptosis
that tubular cell apoptosis increased rapidly, peaked at was at its maximum, and another peak at day 30, when
day 4, and regressed to the baseline values toward the tubular cell apoptosis returned to baseline values, but
end of the study. This pattern of variation paralleled interstitial changes, including lymphocytic infiltration,
those of all evaluated caspases, an observation that impli- were pronounced. Taken together, these observations sug-
cates increased caspase expression in the development of gest that caspases 1, 11, and 12 are relevant to both apopto-
tubular cell apoptosis. In contrast, apoptosis of interstitial sis and interstitial inflammation in kidneys with COU.
cells exhibited a continuous rise that accelerated toward Caspases 2, 8, and 9 represent the prototypes of initia-
the end of the experiment and paralleled progressive tor caspases [8–10]. Caspases 2 and 8 initiate the activa-
interstitial injury, including increased interstitial fibro- tion of other downstream caspases in the death receptor
blasts and inflammatory cells. Since this late apoptotic pathway, whereas caspase 9 recently was shown to play
activity coincided precisely with a sharp up-regulation of a similar role in the mitochondrial pathway [8–10, 40].
caspase expression, these two events may be pathogenet- Caspase-2 overexpression was documented in apoptotic
ically related. Immunostaining with monospecific anti- renal tubular cells induced by ischemia/reperfusion [24]
bodies with specificities for both the precursors and ac- and was associated with renal interstitial cell apoptosis
tive forms of most caspases included in this study showed in murine polycystic kidneys [29]. Caspase 8 has been
that normal and contralateral kidneys displayed weak implicated in the apoptosis of mouse collecting duct cells
caspase expression in some cortical tubules. Strong stain- induced by a loss of contact with extracellular matrix
ing that involved many damaged tubules, however, was [28]. Although caspase 9 has been implicated in the apo-
ptosis of various cell types, including neurons [12], hepa-noted throughout both cortex and medulla of the kidneys
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Fig. 8. Immunostaining for caspases 3 and 8.
A control kidney shows a weak expression
of caspase 3 in proximal tubules (A), but a
negative result is noted for the medulla (B).
An obstructed kidney at day 7 shows a strong
expression of caspase 3 in both cortical and
medullary tubules (C and D). The staining is
noted in both atrophic and dilated (*) tubules.
An obstructed kidney at day 30 shows a strong
expression of caspase 8 in atrophic tubules in
both cortex and medulla (E and F). The stain
is located not only to the tubular cells (open
arrows), but also to the interstitial cells (ar-
rowheads; avidin-biotin peroxidase, with tyra-
mide enhancement, 600 for all panels).
Fig. 9. Immunostaining for caspase 9. A con-
trol kidney shows a weak expression of caspase
9 in proximal tubules (A). The atrophic tu-
bules in an obstructed kidney at day 7 display
weak staining for the precursor of caspase 9
(B), but show stronger expression of the active
subunit of caspase 9 (C).
tocytes [41] and cardiac myocytes [42], only two recent known to mediate these two pathways are expressed in
kidneys with COU [32, 33].reports suggest a role for caspase 9 in renal tubular cell
apoptosis observed in experimental hypertensive neph- Caspases 3, 6, and 7 share structural homology and
are situated most downstream along the caspase cascaderosclerosis [43] or in vitro hypoxia [44]. The current study
documents increased expression of caspases 2, 8, and 9 in [10, 11, 13]. They are activated by the initiator caspases
such as caspase 2 or caspase 8 and help execute the apo-obstructed kidneys that paralleled the pattern of apopto-
sis in these kidneys. Activation of caspase 9 also was ptotic function by activating cytosolic or nuclear proteo-
lytic enzymes, which mediate structural changes of apo-documented imunohistochemically. These observations
implicate both the death receptor and mitochondrial ptosis. Among the executioner caspases, caspase 3 is the
best studied and represents the central molecule situatedpathways in renal cell apoptosis induced by urinary ob-
struction. Indeed, in addition to caspases, most molecules at the crossroad of all known apoptotic pathways [10–14].
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